Abstract. Biofluorescence exists in only a few classes of organisms, with Anthozoa possessing the majority of species known to express fluorescent proteins. Most species within the Anthozoan subgroup Scleractinia (reef-building corals) not only express green fluorescent proteins, they also localize the proteins in distinct anatomical patterns.We examined the distribution of biofluorescence in 33 coral species, representing 8 families, from study sites on Australia's Great Barrier Reef. For 28 of these species, we report the presence of biofluorescence for the first time. The dominant fluorescent emissions observed were green (480 -520 nm) and red (580 -600 nm). Fluorescent proteins were expressed in three distinct patterns (highlighted, uniform, and complementary) among specific anatomical structures of corals across a variety of families. We report no significant overlap between the distribution of fluorescent proteins and the distribution of zooxanthellae. Analysis of the patterns of fluorescent protein distribution provides evidence that the scheme in which fluorescent proteins are distributed among the anatomical structures of corals is nonrandom. This targeted expression of fluorescent proteins in corals produces contrast and may function as a signaling mechanism to organisms with sensitivity to specific wavelengths of light.
Introduction
Fluorescence of living corals has been recognized for many years (Catala, 1959; Burns et al., 1967; Kawaguti, 1969; Schlichter et al., 1986; Mazel, 1995; Hoegh-Guldberg and Jones, 1999; Zawada and Jaffe, 2003) . It has been discovered that the fluorescence is due to the coral's production of a wide spectrum of unique proteins (Mazel, 1995; Matz et al., 1999; Myers et al., 1999; Dove et al., 2000; Lukyanov et al., 2000; . However, the role or function that fluorescence plays among these organisms, which has been historically been debated (Kawaguti, 1944) , remains undetermined (Oswald et al., 2007) .
The first fluorescent protein discovered, green fluorescent protein (GFP), was found in the bioluminescent marine hydroid Aequorea victoria (synonym, A. aequorea) (Shimomura et al., 1962) . GFP-like fluorescent proteins have since been identified in a number of members of the cnidarian phylum, including corals, anemones, hydroids, pennatulids, and corallimorpharians (Shagin et al., 2004) . In some cases multiple different fluorescent proteins have been isolated from a single Anthozoa species, and proteins with different spectral properties have been reported from the same animal (Kelmanson and Matz, 2003; Sun et al., 2004; Kao et al., 2007) . However, outside of Cnidaria, fluorescent proteins have been isolated only from some species of copepod (phylum Crustacea)-Pontellina plumata, Pontella meadi, Chiridius poppei, and Labidocera aestiva (Shagin et al., 2004) -and from amphioxus (phylum Chordata)-Branchiostoma floridae, B. lanceolatum, and B. belcheri (Deheyn et al., 2007) . Fluorescent proteins have not been found in the terrestrial environment, although nonfluorescent structural homologs exist (Hopf et al., 2001) . In Aequorea and Obelia, GFP is localized in photocytes to convert blue bioluminescent light to green (Morin and Hastings, 1971) , but how fluorescent proteins function and are distributed in nonbioluminescent organisms is less clear.
Most scleractinian corals engage in an obligate mutualistic symbiosis with photosynthetic dinoflagellates, belonging predominantly to the genus Symbiodinium, that reside in the animal's gastrodermal cells. These dinoflagellates, com-monly referred to as zooxanthellae, supply complex carbohydrates, amino acids, sugars, and peptides (or photosynthate) to their coral hosts. It is estimated that up to 95% of the coral's carbon requirement is provided by zooxanthellae (Muscatine, 1967 (Muscatine, , 1977 Falkowski et al., 1984; Sutton and Hoegh-Guldberg, 1990) . In return, the zooxanthellae are protected from predation and obtain nutrients excreted by the coral.
Various theories have been proposed to explain the function of fluorescent proteins in coral. Fluorescent proteins convert the abundant high-energy (violet, blue, and green) photons in sunlight to lower energy and possibly aid photosynthesis in the coral's algae symbionts (Schlichter and Fricke, 1990) . However, this theory has been challenged by the argument that the trivial process of transferring photons between the fluorescent proteins present in the coral cells and the photosynthetic machinery of algal cells is far too inefficient to impact photosynthesis significantly . Fluorescent proteins have been shown to have a photoprotective role and may shield the coral and zooxanthellae from excess sunlight (Salih et al., 2000) . Fluorescent proteins also absorb reactive oxygen species, including H 2 O 2 (Inouye and Tsuji, 1994; Bou-Abdallah et al., 2006) that are dangerous byproducts of photosynthesis (Tchernov et al., 2004) . Additionally, studies have suggested that fluorescent proteins may act to produce light that enhances coloration at depth (Mazel, 1995; Myers et al., 1999; Dove et al., 2000; Lukyanov et al., 2000; Mazel and Fuchs, 2003) .
Most fluorescent protein homologs absorb blue or green light and emit green or red, respectively. Mazel and Fuchs (2003) found that fluorescent light from some highly fluorescent corals represents a considerable component of the animal's exitant light spectrum. However, the expression level of fluorescent proteins in Montastrea cavernosa has been shown to vary greatly, and expression levels do not correspond to the coral's daylight coloration (Kao et al., 2007) . These results led us to hypothesize that patterns of fluorescent protein expression may not be related to the coral's visual appearance under natural light conditions but instead function as a signaling mechanism to specific organisms capable of detecting the wavelengths emitted by the coral.
Materials and Methods
We examined the fluorescence of 33 scleractinian coral species found on the northern Great Barrier Reef. Reef fluorescence was examined on night dives using a GENII intensified night vision scope contained in an underwater housing (Ikelite). The intensifier screen was imaged with a black-and-white camera and the image recorded on a Sony TRV900 camcorder. The night vision scope was outfitted with longpass interference filters (see below) and, for illumination, a bright light cannon (HD lamp) outfitted with bandpass excitation filters. Corals were collected at locations around Lizard Island, Australia, in water depths ranging from 1 to 30 m. Samples were photographed in situ with a Nikon Coolpix 5000 camera in an Ikelite housing using an Ikelite DS125 electronic flash. White balance and color was corrected against standard Kodak targets. The emission spectrum was obtained by illuminating the coral samples with a high intensity discharge lamp fitted with the excitations filters and recording fluorescence spectra with a fiber optic probe connected to a spectrophotometer (Ocean Optics USB2000, Ocean Optics, Dunedin, FL).
Macro photography
Samples of coral were placed in a narrow photography tank against a thin plate glass front. Fluorescent macro images (2180 ϫ 1800 pixel; Nikon Coolpix 5000) were produced in a dark room by covering the flash (Ikelite DS125 or Vivitar 185) with interference bandpass excitation filters (Chroma Tech., Rockingham, VT). Longpass and bandpass emission filters (Chroma Tech.) were attached to the front of the camera. A variety of excitation/emission filter pairs were tested on each sample: ex. 400 -450 nm, em. 450 LP; ex. 450 -500 nm, em. 510 LP; ex. 500 -550 nm, em. 555 LP; ex. 550 -600 nm, em. 600 LP; ex. 600 -650 nm, em. 655 LP; and ex. 650 -700 nm, em. 700 LP.
Micro photography and colocalization analysis
To determine the relative colocalization of fluorescent proteins and zooxanthellae, additional fluorescence and bright field microscopic images (Nikon CoolPix 5000) of 31 605/70) filters. Five samples that were either bleached or azooxanthellate were removed. In-focus areas were isolated and a 95% threshold was applied, using Photoshop ver. 8.0 (Adobe Systems), to minimize background noise. For each sample, the percentage of total zooxanthellate surface area coincident with red, green, or red ϩ green coral fluorescence and the correlation coefficient, also called Pearson's coefficient (PC; Pearson, 1896; Bolte and Cordelieres, 2006) , were calculated using ImageJ ver. 1.38 public domain software (U.S. National Institutes of Health).
Anatomical distribution of fluorescent proteins
In a separate analysis, the distribution of fluorescence in anatomical structures of 51 coral specimens was scored from macroscopic photographs using white light and fluorescence blue and green excitation light and an appropriate emission filter. Six structures of the coral were assayed: oral disc, tentacles, costae, septa, calice, and coenosarc. Structures were scored as red/orange, red/orange/green, green, or none. The presence of fluorescence in all pairings of structures was determined and normalized as probabilities.
Results

Visible fluorescence
We observed fluorescence clustered into three excitation/ emission profiles ( Fig. 1 ): cyan to green fluorescence (490 -509 nm peak) induced by violet (400 -450 nm) excitation light; green fluorescence (510 -525 nm peak) induced by blue (450 -500 nm) excitation light; and red fluorescence (580 -600 nm peak) induced by blue/green excitation light (500 -550 nm). In some samples, mixtures of these colors produced orange fluorescence. We used a range of other excitation (500 -700 nm) and emission filter pairs, but except for the signature emitted by chlorophyll, we did not detect visible fluorescence in this region of the spectrum. We did not examine blue or violet fluorescence.
Distribution of coral fluorescence
We examined 51 scleractinian coral specimens taken from varying depths and representing 33 species from eight families ( Table 1) . These corals displayed distinct fluorescence compartmentalization distributed among three categories: highlighted, uniform, and complementary.
Those with a highlighted pattern varied in fluorescent distribution, but invariably resulted in the concentration of fluorescence in anatomical regions of the coral polyp or the underlying calcium carbonate skeleton (Fig. 2) . For example, corals often concentrated fluorescent protein to the oral disc or the tentacles (Fig. 2f, g, j) while other areas of the coral exhibited no fluorescence. This pattern was present across all scleractinian coral families examined, including Acroporidae, Mussidae, Faviidae, Fungiidae, Merulinidae, Oculinidae, Siderasteidae, and Poritidae. The fluorescent patterns were mainly constant among species, whereas the fluorescence intensity often varied.
Uniform fluorescence distribution occurs when fluorescent protein expression is distributed evenly across coral polyp cells (Fig. 3) and exhibits no targeting of the fluorescent protein to a specific component (i.e., tentacle, mouth, oral disc, trunk, septa/costae, or coenosteum) of the animal's body. This pattern was predominantly observed among green fluorescent corals, with rare occurrences of red. Uniform fluorescence does not provide fluorescence contrasting of coral structures, but does highlight the coral colony against a nonfluorescent background.
Complementary fluorescence occurs when green and red fluorescent proteins are targeted to differing anatomical regions of the coral, often with distinct boundaries between green and red fluorescence (Fig. 4) . In some cases, the fluorescent proteins produced visible coloration under sunlight irradiance; however, in many cases coloration did not coincide with the fluorescent patterning of the animal (Fig.  4c, d ).
Differences in green and red fluorescence
We report that corals often differentially targeted red and green fluorescence to specific anatomical structures. For example, green fluorescence might be targeted to the mouth or oral disc and red targeted to the coenosarc, the tissue that joins the coral to the neighboring polyp (Figs. 3e and 4e) . In other specimens, the inverse pattern was observed (Fig. 3c) . The distribution of red fluorescence, while highly varied, was often coincident with the green fluorophores (Figs. 4 -6), producing an orange color. Red fluorescence was rarely found alone, but in those few cases it exhibited both highlighted and uniform patterns (Fig. 5) . Using violet (450 -500 nm) and blue (500 -550 nm) excitation light, it was also possible to identify corals that targeted different green fluorescent proteins to different polyp structures. For example, Favities pentagona targeted violet-excited green fluorescence to the coenosarc of some colonies while targeting blue-excited green fluorescence to the mouth region (Fig. 6 ). This coral also expressed red fluorescence on some areas of the coenosarc. We cannot rule out the possibility that the orange/red fluorescence detected in some of these corals may in fact be derived from phycobiliproteins (Lesser et al., 2004) . A recent finding (Lesser et al., 2007) that chemical uncoupling of PSII energy transfer increases fluorescence in the Ͼ570 nm range further supports the presence of significant amounts of cyanobacteria in coral. How- ever, the degree to which cyanobacteria contribute to coral fluorescence is contested (Oswald et al., 2007) .
Association of fluorescent proteins and zooxanthellae
To determine the degree to which fluorescence is associated with the localization of zooxanthellae, we calculated the proportion of total zooxanthellate surface area coincident with fluorescence and computed the Pearson coefficient (PC) (see Materials and Methods) . PC values range from Ϫ1 to 1, where Ϫ1 represents a complete negative correlation between data sets, 1 represents positive correlation, and zero represents no correlation.
In our analysis of 26 high-resolution images of various coral species (Table 2) , neither measure suggested that zooxanthellae were correlated with fluorescent protein distribution. On average, 60.9% (SD ϭ 27.3%) of the zooxanthellate surface area colocalized with fluorescence, with a mean PC of Ϫ0.11 (SD ϭ 0.19). Analysis of zooxanthellate localization to either green or red fluorescence, independently, also did not result in a correlation (56.1% of total zooxanthellae surface area colocalized with green fluorescence, PC ϭ Ϫ0.12; 56.2% with red fluorescence, PC ϭ 0.0). Among specimens exhibiting a strong positive or negative correlation, one Acropora sample displayed high colocalization (PC ϭ 0.39) and samples of Leptastrea bewickensis and Astreopora sp. displayed strong negative correlations (PC ϭ Ϫ0.40 and Ϫ0.50, respectively). It should be noted that this analysis examines the zooxanthellate/fluorescent protein distribution only from a random group of corals found around Lizard Island on the Great Barrier Reef. While many studies have examined the diversity and biogeography of zooxanthellae (Rowan et al., 1997; Baker, 2003) , the anatomical distribution of zooxanthellae in coral tissue has rarely been examined, except for a report that zooxanthellate density is relatively constant in coral tissue at 10 6 to 2 ϫ 10 6 cells/cm (Muscatine et al., 1985) .
Correlated anatomical expression of fluorescent proteins
We sought to determine whether the distribution of fluorescent proteins across anatomical structures was nonrandom across coral species. To answer this question we performed pair-wise comparisons of structures (Fig. 7) and calculated the normalized probability that corals with fluorescence (red or green or both) in one structure exhibit fluorescence in another. Coral polyps were subdivided into oral disc (M), coenosarc (Cs), tentacles (Ten), costae (Co), calice (Ca), and septa (Ss). Although in most cases the probability of co-expression was close to 0.5, six pairs (between four structures) showed a negative probability. Whereas these structures contained fluorescence at equivalent probability, fluorescence in one of the structures resulted in a significantly reduced probability that fluorescence would be found in the other structure. The color or colors of the fluorescence did not affect the outcome of the analysis. This finding indicates that the targeting of fluorescent proteins is nonrandom and, given that those structures in the low probability pairs were all juxtaposed to each other, the net result is that fluorescent and nonfluorescent structures create visual contrast. This is evident in the corals in Figures 2g, j, k ; 4a, c, d, e; 5b; and 6 . This contrasting pattern was present in specimens from all depths and across the majority of coral taxa studied in this report. In addition, several structures appeared to consistently co-express a particular fluorescence color. For example, green fluorescence in the coralite was often paired with green fluorescence in the coenosarc, and green mouth fluorescence was often paired with green calice fluorescence. Our sample size was not large enough to support a phylogenetic association of fluorescence distribution.
Discussion
The present study reveals that many Indo-Pacific scleractinian corals express green or red fluorescent proteins, or both, in a complex fashion, and it documents 28 new species of coral that exhibit biofluorescence (Table 1) . It is possible that the elaborate distribution patterns of fluorescent protein are utilized as a form of color contrast. At depth, where green and red photons are scarce, a selective sensitivity to green and red would make these coloration patterns particularly prominent. We hypothesize that marine organisms with limited spectral sensitivity associated with the peaks of green (510 nm) and red (580 nm) fluorescence may detect these distribution patterns under daylight illumination. In contrast, organisms with panchromatic visual sensitivity, such as humans, are less sensitive to the relatively few red-shifted fluorescent photons generated by the corals in daylight, and more sensitive to reflected blue sunlight.
There have been suggestions that coral coloration is largely determined by the varied presence of fluorescent proteins (Dove et al., 2000; Kelmanson and Matz, 2003) . However, quantitative analysis of reflected light (Mazel and Fuchs, 2003) and comparison of color to GFP mRNA quantities (Kao et al., 2007) demonstrate that fluorescent proteins represent a minor, but variable, component of coral coloration.
Overall, the majority of reef-forming corals target fluorescence to specific anatomical structures, and in most cases, this fluorescence produces defined morphological patterning. In this study, we found highly targeted distribution of fluorescent proteins with no strict coincident expression between fluorescent proteins and symbiotic algae in coral tissue. Although these observations suggest that robust fluorescent protein expression in corals may not be exclusively involved in algal symbiosis, a more exhaustive study of zooxanthellate distribution and fluorescence is needed. Our data support a visual role for targeted expression of fluorescent proteins in coral but does not exclude their function in providing protection (Salih et al., 2000) , enhancing photosynthesis in symbiotic algae/cyanobacteria (Schlichter and Fricke, 1990; Lesser et al., 2004 Lesser et al., , 2007 , or neutralizing reactive oxygen species (Bou-Abdallah et al., 2006) . The definitive function of patterned fluorescence by targeted expression of GFP-like proteins remains unknown, as does the broader question of functionality of coloration on coral reefs (Longley, 1917) . Although coral reproduction is associated with full moon cycles and cnidarian photoreceptors can detect blue moonlight (Gorbunov and Falkowski, 2002) , there is no reported evidence that corals or larvae respond to longer wavelengths. Attraction of symbionts is a possibility, as zooxanthellae have been shown to aggregate toward green light (Hollingsworth et al., 2005) . Other reef inhabitants such as copepods also have visual pigments with sensitivities in the range of green and red fluorescent proteins (Cohen and Forward, 2002) , and the reef fish Pomacentrus amboinensis was recently found to be capable of color discrimination tasks (Siebeck et al., 2008) . Overall, the highly targeted and patterned chromatic expression of fluorescent proteins in corals is reminiscent of that seen in flowers, insects, and butterflies and suggests that one of their functions may be to provide visual cues to reef coinhabitants. Nonrandom distribution of fluorescence across coral polyp anatomy. Each bar represents the probability (ϮSEM) that fluorescence when found in the first structure will be found in the second structure. Bars in white represent three anatomical pairs (Cs and M, Cs and Ten, Cs and Ca) that showed a significantly reduced probability of co-expression. These data include red and green fluorescence for 51 specimens of coral. The last two bars represent the average (ϮSEM) of the first 24 associations (grey bar) and of the reduced-probability associations (white bar). Ca, calice; Cs, coenosarc; Co, costae; M, oral disc; Ten, tentacles; Ss, septa.
